Physical vapor deposition (PVD) is widely used in manufacturing ultra-thin layers of amorphous organic solids. Here, we demonstrate that these films exhibit a sharp transition from glassy solid to liquid-like behavior with thickness below 30 nm. This liquid-like behavior persists even at temperatures well below the glass transition temperature, Tg. The enhanced dynamics in these films can produce large scale morphological features during PVD and lead to a dewetting instability in films held at temperatures as low as Tg-35 K. We measure the effective viscosity of organic glass films by monitoring the dewetting kinetics. These measurements combined with cooling rate-dependent Tg measurements show that the apparent activation barrier for rearrangement decreases sharply in films thinner than 30 nm. These observations suggest long-range facilitation of dynamics induced by the free surface, with dramatic effects on the properties of nano-scale amorphous materials.
Nanometer-sized thin films of small organic molecules are widely used in applications ranging from organic photovoltaics [1] and light emitting diodes [2, 3] , to protective coatings [4] and high resolution nano-imprint lithography [5] . It is advantageous to use amorphous films because, compared to crystals, they do not have grain boundaries to hinder charge transport, generate cracks and defects, or disrupt the writing processes. Physical vapor deposition (PVD), the common method used to manufacture these films, is usually performed at substrate temperatures below T g to produce films in the glassy state. However, if the properties at nanoscale deviate significantly from bulk properties, the resulting films can have reduced kinetic and thermal stability. Recent experiments suggest that diffusion at the free surface of organic glasses can be several orders of magnitude faster [6, 7] , with weaker temperature dependence compared to bulk diffusion. Enhanced, weakly temperature-dependent dynamics on the surface of polymeric glasses [8, 9] have been shown to significantly affect the properties of ultra-thin polymer films [9] [10] [11] [12] [13] [14] [15] [16] [17] . In polymeric systems, the molecular weight of the polymer [14] , and the temperature range of the measurement [8, 9, 14] seem to also affect the observed properties, resulting in ambiguity in the relationship between enhanced dynamics at the free surface and properties of ultra-thin glass films. As such, these results can not be extrapolated to molecular and atomic glass systems.
To our knowledge, there are no systematic studies that measure the dynamics of ultra-thin films of organic glasses with thicknesses less than 100 nm. However, indirect evidence suggests that the properties of these films may be strongly thickness dependent [18] . Thick PVD films have been shown to form exceptionally stable glasses upon deposition at temperatures just below T g [19] [20] [21] [22] . While the detailed mechanisms of the formation of stable PVD glasses are still under investigation, most studies [19, 20, 23, 24] indicate that surfacemediated equilibration (SME) is critical to their production. As such, it is imperative to study the extent and the length scales of the effect of enhanced surface mobility on the dynamics of ultra-thin films. Furthermore, these length scales may also be directly compared with fundamental length scales of glass transitions as proposed by various theories [25] [26] [27] [28] .
In this letter, we use dewetting kinetics to measure the dynamics of ultra-thin films of the molecular organic glass, N,N -Bis(3-methylphenyl)-N,N -diphenylbenzidine (TPD). While a direct measure of absolute viscosity of thin films can not be obtained due to potential gradient in the dynamics induced by free interface, by relating the dewetting times with cooling rate-dependent T g (CR-T g ) measurements [14, 29] , we are able to measure the "effective viscosity" of ultra-thin films as function of film thickness and temperature. In the absence of gradients in the dynamics, the effective viscosity equals the film viscosity. We show that ultra-thin films remain mobile far below bulk T g , and the apparent activation energy for dewetting decreasing sharply for film thicknesses below 30 nm.
Thin TPD films were prepared by PVD under ultrahigh vacuum conditions to ensure uniform substrate properties (Details in SI and Fig. S3 ). Fig. 1 shows the root mean square (RMS) roughness of as-deposited films produced at a deposition rate of 0.02 nm/s, and a substrate temperature of bulk T g (328 K) (Material characterization in Fig. S1 ). The insets show representative atomic force microscopy (AFM) images of as-deposited morphologies, typically imaged within 15 minutes of deposition. Fig. 1 shows that during PVD, ultra-thin films roughen, with morphology of the same height scale as the film thickness. The film morphologies at thicknesses below 12 nm resemble semi-continuous morphologies typically observed in spinodal dewetting [30, 31] . A uniform layer starts forming at thicknesses above 20 nm. For films thicker than 30 nm, the morphology flattens with both time and film thickness. This evolution in the morphology implies that during the deposition there is significant reconfiguration and motion of the molecules due to interfacial interactions, which allow for the formation of semicontinuous features. As the film thickness is increased, surface diffusion becomes more prominent and interfacial tension acts to smoothen the film.
Since these films exhibit a spinodal morphology before a complete film is ever formed, the deposition rate and the characteristic length scale of the features can be used to estimate the average diffusion coefficient during PVD. Based on the spectral distribution shown in Fig. S4 , in an 8 nm film this length scale is 350 nm. Given the deposition rate of 0.02 nm/s, it takes 600 seconds to deposit this film. Thus, the average diffusion coefficient is of the order of 3 × 10 −16 m 2 /s. For comparison, the bulk diffusion coefficient for most organic molecules at T g is about 10
−20 m 2 /s [32] . This simple estimation implies that the average dynamics in 8 nm films, are several orders of magnitude faster than the bulk dynamics if measured at T g .
The rough structures of as-deposited films were used as templates for further isothermal dewetting experiments. AFM or optical microscopy (OM), showed that the film morphology continued to evolve with time (examples shown in Fig. 2 and ity is not measurable and any reasonable extrapolation of the values of viscosity would predict a dewetting time longer than the age of the universe for a bulk film. As the holes continued to grow, material from the holes accumulated in rims. resulting in an increase in the film thickness outside the holes, which eventually stopped the process. In contrast, 100 nm films only dewetted well above T g (T>T g + 20 K), where the bulk viscosity is orders of magnitude lower.
Due to the strong apparent film thickness-dependence of the dynamics, and non-uniform initial film morphologies, it is not possible to use models based on uniform viscosity and uniform film thickness [33] to model the kinetics of dewetting in these films. Furthermore, the preexisting morphology can make the dewetting process appear faster, as the growth of existing holes in thin films is typically faster than the spontaneous nucleation of new holes in thick films (more details in SI). The substrate interaction potentials in these models [30, 33] are also poorly understood and slip condition at substrate interface is not explicitly included.
Despite these difficulties the effective viscosity can be indirectly measured by investigating the temperature dependence of the characteristic dewetting time, τ dewetting [34] . This is because substrate interactions, surface tension, and the film's initial morphology are all weak functions of temperature, leaving the film's effective viscosity as the only temperature-dependent parameter driving dewetting (more details in SI). As such, τ dewetting should be proportional to the effective viscosity of the film, and thus the average structural relaxation time, τ α . τ dewetting , was measured by tracking the time evolution of the total dewetted area, A(t), indicated by green color in Fig. 3(a) and fitting to a single exponential function [34] . Fig. 3(b) shows the change in A(t) as a function of time for 20 nm films at various temperatures. Fig. 3(c) shows the normalized total dewetted area as a function of reduced time, t/τ dewetting , for data at various annealing temperatures and film thicknesses. This figure shows that data for all films at a common thickness can be characterized with a single τ dewetting .
If dynamics of thin films were identical to those of bulk, one would expect the temperature dependence of τ dewetting to be the same regardless of film thickness, even if absolute dewetting times depend on the film thickness due to different initial morphologies, and non-trivial thickness-dependence of the driving forces of dewetting. Fig. 4(a) shows an Arrhenius plot of -log (τ dewetting ) versus inverse temperature, 1/T. It is evident that in this temperature range, the slopes of the curves, which represent the apparent thermal activation barriers for rearrangement, E a have strong thickness dependence. For an 8 nm film τ dewetting , and therefore the effective viscosity, changes less than half a decade over the temperature range of 298 K -321 K. τ dewetting for 30 nm films show a much stronger temperature dependence, changing more than two decades over the same temperature range. It is important to note that all of these temperatures are well below bulk T g . The low apparent activation energy of ultra-thin films is consistent with previous studies of dynamics on polymeric thin films [14, 15, 29] .
In order to relate τ dewetting to viscosity, other experiments are required to define the vertical shift factors. Rheology measurements of bulk TPD are shown in Fig.  4 (c) (details in SI). CR-T g measurements were used to extend the dynamical range of the bulk measurements to temperatures below bulk T g [14, 29, 36] . CR-T g measurements were performed on films with a thickness range of 20 nm< h <100 nm as shown in Fig 4(b) (details in SI S8 and S9) . Fig. 4(c) shows the combined data of dewetting and CR-T g measurements, and provides a direct comparison between the bulk and the effective thin film viscosities. The dewetting measurements for 100 nm films were vertically shifted to match bulk rheology and dielectric relaxation measurements [35] (Fig. S12) . The CR-T g data for 100 nm and 30 nm films were also shifted according to the relationship detailed in SI, log η = − log(CR) + 11. In the temperature range of these experiments, there is excellent agreement between these three methods in determining viscosity. This strongly indicates that firstly, 100 nm films behave bulk-like and their effective viscosity matches that of bulk viscosity in the entire dynamical range of these measurements for both types of experiments, and secondly, other related parameters for the dewetting process, such as substrate interaction energy and surface tension, did not have strong temperature dependences.
As detailed above, the initial morphology of films of various thicknesses are different. As such, the shift factor used to match the 100 nm dewetting data to bulk viscosity is not applicable to other films. Instead, for films of 25-30 nm, the CR-T g experiments were used to calculate the appropriate shift factors (Fig. S12) . It is important to note that CR-T g could not be reliably used for ultra-thin films (h ≤ 20 nm) as detailed in SI. As such, the exact shift factors for these data sets are unknown and the data presented here for these films only reflect the temperature dependence of the effective viscosity and not their exact values. However, based on the simple analysis of diffusion presented earlier, the effective viscosity is at least about a factor of four faster than that of bulk at T g . Fig. 4 (c) provides a clear picture of the extent by which the dynamics are enhanced in ultra-thin films. While at bulk T g the dynamics are enhanced by only one or two orders of magnitude, the difference between thin film and bulk dynamics continues to diverge as the temperature is decreased below T g . For example, at a temperature of T g -35 K, the bulk viscosity becomes unmeasurable, while the effective thin film viscosity only changes by less than two orders of magnitude from the value at T g . Fig.  4(d) shows the apparent activation energy, E a (slope of log viscosity vs. 1/T) as a function of film thickness as determined via both dewetting and CR-T g experiments, with dewetting experiments setting the lower bound and CR T g setting the upper bound value for E a (Details discussed in SI). We note that the temperature range of these experiments are limited and E a may vary with temperature closer to or above T g .
As shown in Fig. 4(d) , in films with h < 20 nm, the E a is much lower than that of bulk, and has a weak thickness dependence. The low activation barrier for dewetting confirms that the rough morphologies observed in ultra-thin PVD films are due to fast dewetting during deposition. E a increases sharply in films with thicknesses between 20 nm< h <30 nm, and becomes very similar to bulk at h > 40 nm. In this regime, the dynamics of the film are bulk-like during PVD, and surface diffusion acts to smoothen the film. Interestingly, in ultrathin films, once the local film thickness around the rims reaches 40 nm the dewetting process also slows down significantly and appears to stop (Fig. S7) . This remarkably sharp transition in the dynamics suggests that the gradient of dynamics induced by the interfacial effects is not the same in films of different thicknesses, as schematically shown in the inset of Fig. 4(d) . In ultra-thin films, the dynamics are enhanced in the entire film, showing little thickness dependence, while in films with thicknesses of 40 nm or more, the dynamics in the entire film is bulk-like except for perhaps a few liquid-like mono-layers near the free surface. It is important to note that the temperature dependence of diffusion coefficients measured on the surface of bulk films [6, 7] are also larger than those measured in ultra-thin films in this study, further confirming that the dynamics at the surface of a bulk film are different than those measured in thin films. These observations suggest that the dynamics of the glassy material are correlated over large length scales and the dynamics of thin films are influenced both by the interfacial dynamics and the glassy dynamics in the layers closer to the center of the film.
As such, surface diffusion measurements on the surface of bulk-like films alone are inadequate in predicting the activation barrier for the dynamics in ultra-thin films and the length scale of the effects. Direct measurements of properties as a function of film thickness are required for determining the correlation length for the dynamics. While to our knowledge there are no such prior studies in thin films of other organic glasses, observations in polymeric glasses [29] show a similar non-linear transition in E a as a function of film thickness, with the midpoint of transition in the 20-30 nm film thickness region. Earlier studies by Ellison and Torkelson also suggest correlated dynamics in the top and bottom layers of a polymeric film as the film thickness is reduced below 20 nm [12] . However, the transition appears to be much sharper in organic thin films with much lower activation barriers in ultra-thin film regime. This may imply that chain effects are also important in facilitating the dynamics in polymeric thin films. Regardless, the general similar trend and length scale of enhanced dynamics in both small organic molecular and polymeric glasses suggest that long range facilitation of the dynamics may be a characteristic feature of glassy systems. Future studies on more glassy systems are needed to confirm whether these observations are ubiquitous in organic glassy systems. Models based on a constant length scale of interfacial effects [37, 38] may not fully capture the strong, almost sigmoidal transition in apparent activation barriers observed here. Instead, models based on long range elastic response [26] , or which use growing cooperative length scales [27, 28] may be able to predict such strong correlated dynamics.
In summary, we have presented that the temperature dependence of the effective viscosity, and thus the structural relaxation time, of thick and ultra-thin films of molecular glasses can be measured via a combination of isothermal dewetting and CR-T g measurements. We have demonstrated that the rough initial morphology of vapor-deposited thin films are closely related to the enhanced dynamics in ultra-thin films. Films as thick as 30 nm dewet spontaneously well below bulk T g , indicative of greatly enhanced dynamics in these films. An examination of the thickness dependence of the apparent activation barrier in these films reveals a sharp, sigmoidal transition in the dynamics as the thickness varies between 20 to 40 nm indicating a strong correlation between the dynamics of the free surface and the bulk of the film. This implies an interplay between the facilitation of the dynamics by the interface and the bulk glass, with a considerably large length scale of about 30 nm.
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